Abstract. The balance of forces in the sea ice model of Hibler [ 1979] is examined. The model predicts that internal stress gradients are an important force in much of the Arctic Ocean except in summer, when they are significant only off the northern coasts of Greenland and the Canadian Archipelago. A partition of the internal stress gradient between the pressure gradient and the viscous terms reveals that both are significant, although they operate on very different timescales. The acceleration term is generally negligible, while the sum of Coriolis plus sea surface tilt is small. Thus the seasonal average force balance in fall, winter, and spring is mostly between three terms of roughly equal magnitudes: air drag, water drag, and internal stress gradients. This is also true for the monthly average force balance. However, we find that there is a transition around the weekly timescale and that on a daily basis the force balance at a particular location and time is often between only two terms: either between air drag and water drag or between air drag and internal stress gradients. The model is in agreement with the observations of Thomdike and Colony [1982] in that the correlation between geostrophic wind forcing and the model's ice velocity field is high. This result is discussed in the context of the force balance; we show that the presence of significant internal stress gradients does not preclude high wind-ice correlation. A breakdown of the internal stress gradient into component parts reveals that the shear viscous force is far from negligible, which casts strong doubt on the theoretical validity of the cavitating fluid approximation (in which this component is neglected). Finally, the role of ice pressure is examined by varying the parameter P*. We find a strong sensitivity in terms of the force balance, as well as ice thickness and velocity.
Introduction
What is the force balance of sea ice in the Arctic Ocean, and how does it vary with space and time? We refer to the following balance dU +F +F +F +F
ph-•-= Fa w i c t where the acceleration term on the left-hand side is a function of dicted, generally directed opposite of the air drag vector. An interesting exception was a buoy in the Nansen Basin where the internal stress gradient was normal to the air drag, pointing towards the Eurasian continental slope. This is explain.ed in section 3.2.
In this paper we extend the work of Hibler [1986] and Hibler and Bryan [ 1987] Among the questions we address are the following: What are where Fi P denotes the force from the pressure gradient, Fi B denotes the force from bulk viscosity, and Fi S denotes the force from shear viscosity. The term F/P is given by where the pressure P (also known as "strength") is related to the mean thickness and concentration by P = P*hexp[-C(1-A)] 
resolve the previously mentioned conflict we ask, How can internal stress gradients be important if the ice velocity is fairly highly where ( is the bulk viscosity and gi = VeU is the divergence of the velocity field. The third part of the internal stress gradient is correlated with the geostrophic winds? In the following section the coupled sea ice-ocean model is briefly described. Results are then presented, including a correlation analysis as in work by Thorndike and Colony [ 1982] . The seasonal and daily-force balances are discussed next, including a sensitivity study with varying ice pressure. The paper ends with our conclusions. We use the most common sea ice model in use today, that where rl is the shear viscosity, gII -;a2+ b2 is theshearmagnidescribed by Hibler [1979] . This is a so-called "two-level" model, tude, q• = •arctan(a/b) is the principal direction of shearing, in which the distribution of ice thicknesses at each model gridpoint a = 3u/3y + •v/3x, and b = 3u/3x -•v/3y. The ice velocity is simplified to an average thickness h with areal concentration (or U has x and y components (u,v). With reference to the strain rate compactness) A. Air and water drags are parameterized with the tensor, gI is the sum of the eigenvalues, gH is the (positive) difusual quadratic bulk formulas, using the coefficients in work by ference of the eigenvalues, and q• is the orientation of the eigenvecHibler [ 1979] . The other terms in (1) are also described by Hibler tor corresponding to the larger eigenvalue. [1979] .
(Note that the terms in (1) have units of force per unit area, often referred to as "stress" by researchers in both the sea ice and ocean research communities, e.g., "air stress" or "water stress." Confusion may occur over, however, since F i --Vc• where c• is known as the "stress tensor" and has units of force per unit length, not area. Here we refer to (1) as a "force" balance, with the implicit understanding that each of the terms in (1) has units of force per unit area. In keeping with common usage we refer to c• as internal stress, and Fi as the internal stress gradient. Also, we refer to Fa as air drag, and F w as water drag.)
The viscous-plastic constitutive relation in work by Hibler in order to avoid a singularity for small strain rates (equations 7 and 8). Further details may be found in work by Hibler [1979] . Other decompositions of the internal stress gradient F i are of course possible. The above method has the following advantages. First, it clearly identifies the part that is independent of strain rate and dependent on the more slowly varying pressure gradient Fi P.
Second, it decomposes the remaining viscous terms into the part due to shear Fi S and bulk Fi B viscous forces. These vary with both strain rate and pressure gradient.
The ice model used here differs from that described by Hibler [1979] mainly in the parameterization of heat and salt fluxes, which are taken from Hibler [ 1980a] . Also, a snow layer is added, and sea ice salinity is assumed to be a constant 7 parts per thousand (ppt). These are described by Zhang et al. [1997] . Also, a new, faster numerical scheme for solving for ice velocity is used [Zhang and Hibler, 1997] . The ice model is coupled to a threedimensional multilevel ocean model [Bryan, 1969; Cox, 1984] . In this paper the ocean model is important only in its contribution to the water drag and tilt terms in (1). The ocean model and its coupling to the sea ice model are described in detail by Zhang et al. [ 1996] . The only change relative to Zhang et al. [ 1997] is that we have opened two outflow channels in the Canadian Archipelago at M' Clure and Nares Straits, with specified volume transports of 0.8 and 0.7 Sv, respectively. Damping to climatological values of tem-perature and salinity below the mixed layer with a 5 year timescale is used, which Zhang et al. [ 1997] 
Results
In the following, we show results from a standard case in which the ice pressure parameter P* = 27,500 N m -2. Results from sensitivity studies in which P* is varied are also shown. obvious topographic steering and amplification along the shelf break and major ridge systems. In much of the Arctic, where these currents are small, the water drag F w is mostly a quadratic function of ice velocity; that is, Fw is a passive drag on the underside of the ice pack. However, there are definitely regions where the ocean currents are comparable in magnitude to the seasonal average ice speed (north of Alaska and in the East Greenland Current) or even larger (along the inner edge of the Chukchi Plateau 500 km north of eastern Siberia).
Correlation Analysis
As discussed in section 1, Thomdike and Colony [1982] found that daily average sea ice velocity and geostrophic winds were highly correlated throughout the year but particularly in summer. Few, if any, published numerical model studies have performed a similar analysis using the geostrophic velocity forcing and the model's ice velocity output. 
Seasonal Force Balance
Figures 6-9 show the seasonal cycle of forces, and Figure 10 shows the annual average. The acceleration term on the left-hand side of (1) Spring. Figure 9 shows the force balance in the spring. The internal stress gradient is now comparable and often larger in magnitude than the water drag. In this season the ice is thick and "locked up," so that wind forcing is counteracted to a large degree by the internal stress gradient.
Annual Average. Figure 10 By summer (Figure 11 c) , internal stress gradients are negligible, and the balance is between air drag, water drag, and to a lesser degree, Coriolis plus tilt. This is the situation described by Thomdike and Colony [1982] .
Comments on the Validity of the Cavitating Fluid
Model. Figure 10a shows that the annual mean winds tend to push sea ice against Greenland and the Canadian Archipelago. The resulting high viscous stresses (Figures 10g and 10h) The only exception is in the Barents Sea, where the water drag is larger than the internal stress gradient. This is because ice pressure is small in the Barents Sea (Figure 3) , so that viscous stresses are insufficient to balance the air drag. Like previous figures, Figure 13 shows that the water drag and internal stress gradient both contribute to balancing the air drag, while the combined Coriolis plus tilt term is much smaller. Also, the internal stress gradient is most important in late winter and early spring, when it is larger than the water drag in amplitude. Figure 14) indicates that 75% of this energy is dissipated by the water drag and 25% by the internal stress gradients. Figure 14b shows a further breakdown of the energy dissipation by internal stresses into the three components identified in (2). The pressure gradient term is negligible, which makes sense considering that it is often normal to the ice motion (especially in the Eurasian Basin). The energy dissipation by shear viscous forces is about 60% of the total dissipation by internal stress gradient. As noted in section 3.2, this calls into question the validity of the cavitating fluid approximation, in which this term is neglected.
Daily Versus Seasonal Force Balance. Broadly speaking, the daily average balance is often dominated by just two terms. These are either air drag and water drag or air drag and internal stress gradient. Figure 12 shows an example from winter when regional variations dictate which balance prevails. It is relatively less common to find an area where all three forces contribute equally. The same holds true for summer, of course, when the main balance in most of the Arctic is "free drift," i.e., a balance between air drag and water drag (and, to a lesser extent, Coriolis).
In contrast, the seasonal balance during winter (Figure 8) shows broad regions where all three forces (air drag, water drag, and internal stress gradient) contribute more or less equally. In summer the seasonal force balance (Figure 6 ) looks similar to the daily force balance, i.e., free drift dominates. The figure shows that longer period averaging tends to "smear" out the bimodal structure observed in the daily plot. There seems to be a transition near the weekly time scale: shorter period averaging shows that F a is often balanced by either F w + Fct or by F i, while longer period averaging shows more of an equal balance. We suspect that the transition is tied to the timescale of synoptic atmospheric disturbances. What is very clear, however, is that the force balance is a strong function of the averaging period.
Varying the Ice Pressure Parameter P*
What is the sensitivity of our model to variations in the ice pressure parameter P*? Hibler [1979] found that the main effect of doubling P* was a decrease in the spatial variation of mean ice thickness. Fleming [ 1989] confirmed this result (using a simplified ice rheology) and also found that the domain average ice thickness decreased with increasing P*. Direct observations of in situ stress The model is clearly sensitive to changes in P* over the range we have used; that is, the decreased P* case is nearly in free drift, while the increased P* case is essentially locked up. The model's sensitivity to this parameter is highly nonlinear, however. It is sobering to note the large effect that varying a highly uncertain parameter such as P* can have on basic model outputs such as ice thickness and velocity. This point was also noted by Fleming and Semtner [ 1991 ] . They stress that the uncertainty in these kinematic parameters could very well dominate the uncertainties in thermodynamic parameters such as ice albedo.
Conclusions

Large Internal Stress Gradients Throughout the Arctic Ocean
In contrast to the inference of Thorndike and Colony [ 1982] , we find that internal stress gradients are an important part of the force balance in much of the Arctic Ocean (Figures 6-13 ). Yet our model agrees with their observations that geostrophic winds and sea ice motion are highly correlated ( Figure 5 ). These two statements are in fact not contradictory since internal stress gradients act largely as a passive drag, much like the water drag force. The wind-ice correlation would be even higher if it were not for the pressure gradient term, which is a function only of the slowly varying state variables ice thickness and concentration. The pressure gradient frequently acts at a large angle with respect to the motion or the winds, for example pushing the ice in the Transpolar Drift Stream toward the Eurasian coast (Figures 7-10 ).
Seasonal Variation of Ice Forces
The internal stress gradient is negligible in summer, comparable in magnitude to the water drag in fall and winter, and larger than We have used constant drag coefficients in the air-ice and iceocean quadratic drag laws. This is common practice but could be a large source of error in ice-ocean models. Improvement might come from imposing a fixed seasonal cycle in these drag coefficients or by adding boundary layer models above and below the ice.
Also, the force balance is a strong function of averaging period, as has been recognized since the AIDJEX project in the 1970s [e.g., Hunkins, 1975] . We find a transition near the weekly timescale (Plate 1), which we speculate is tied to the synoptic atmospheric variability.
Validity of the Cavitating Fluid Model
Shear viscous forces are an important part of the total internal stress gradient. This is evident in seasonal vector balances (Figures 7-10 ) and in the daily energy balance (Figure 14b ). This casts strong doubt on the validity of the cavitating fluid model, in which these forces are neglected.
Sensitivity of Ice Thickness to the Parameter P*
Mean ice thickness and velocity are strong functions of the uncertain parameter P* (Figure 1) . The spatial patterns of mean ice thickness show more sensitivity to changes in P* than the domain average thickness (and thus the total ice mass). But the domain average thickness can also be quite sensitive (Figure 17) .
